Reaction dynamics on multiple electronic surfaces have been studied by performing quantum scattering calculations on a collinear AϩBC→ABϩC reaction. We propose model diabatic potentials with variable coupling potentials to examine the effect of the coupling between electronic states on the reaction. Time-independent quantum scattering theory based on diabatic representation provides a useful framework for treating reaction dynamics on coupled electronic states. Reaction probabilities calculated from the diabatic approach intrinsically include the effect of the presence of the excited state. We compared the results from the two-surface diabatic calculations with those using the single adiabatic surface alone. By varying the strength and the range of the diabatic coupling potential, we obtained a wide spectrum of reaction models. It is found that the reaction probabilities from the two-surface diabatic calculations showed noticeable differences from the single-surface adiabatic case. These results demonstrate that the effect of the excited states cannot be ignored even though the two electronic states are well-separated in energy.
I. INTRODUCTION
Understanding reaction dynamics of elementary chemical reactions is one of the most important subjects in chemistry. The study of the dynamics of molecular systems has traditionally been done by following nuclear motions on a potential energy surface ͑PES͒ obtained a priori using the Born-Oppenheimer approximation. Reactive scattering studies based on a single electronically adiabatic PES has been very successful for 3 and 4-atom bimolecular reactions. 1, 2 Such treatment is supposed to be valid for the cases where the excited states are well separated in energy from the ground adiabatic state. On the other hand, it is not uncommon to find chemical reactions where nonadiabatic processes due to the breakdown of the Born-Oppenheimer approximation play an important role. [3] [4] [5] [6] Reactions involving ions, charge transfer phenomena, and photochemical processes provide typical examples of such reactions. In fact, nonadiabatic processes may be considered to be ubiquitous for reaction dynamics of polyatomic molecules. Even for conditions where the Born-Oppenheimer approximation is valid, i.e., for low enough energies such that upper electronic states cannot be populated, the presence of electronic degeneracy has been found to affect molecular dynamics. [7] [8] [9] [10] [11] Theoretical studies of reaction dynamics on multiple potential energy surfaces including the effects of electronically nonadiabatic processes have been quite limited. Analytic and semiclassical theories of scattering by coupled onedimensional model potentials have been developed since the early years of quantum mechanics. Recently, Zhu and Nakamura derived exact semiclassical formulas for nonadiabatic transitions due to potential curve-crossings. 5 , 12 Baer and
Child studied a reactive two-state curve-crossing problem in a one-dimensional model potential, which exhibited resonance. 13 Shin and Light proposed a one-dimensional barrier problem as well as a collinear three-body model, with an excited-state minimum over the barrier ͑saddle point͒ of the ground state. 14 Resonance phenomena for the 1D model of Shin and Light were examined in detail by Qi and Bowman. 15 It has been suggested that diabatic representation can provide a useful framework for treating reaction dynamics on coupled electronic states. [16] [17] [18] Quasiadiabatic or diabatic descriptions of electronically adiabatic chemical reactions have also been investigated. [19] [20] [21] [22] [23] In these studies the possibility of switching off the reactive part of the Hamiltonian, solving separate nonreactive collision problems ͑reactantlike and productlike͒, and then obtaining the reactive transition matrix elements was pursued. Recently, Shin and Light combined diabatic representations for reactants and products with variational formulations of quantum reactive scattering to produce accurate scattering information about an adiabatic chemical reaction. 14 The method allows using natural coordinate systems for both the reactant and product arrangements. A similar diabatic formulation using the closecoupling wave packet method was investigated by Caratzoulas and Jackson. 24 As discussed in the previous work, 14 the diabatic approach can be easily applied to nonadiabatic chemical reactions. The prerequisite for the diabatic approach is the availability of diabatic potentials, especially the diabatic coupling potential. Reliable diabatic coupling potentials for even the simple reactions are quite limited in availability. However, the development of computational tools for describing nonadiabatic chemistry is expected to furnish relevant information in the near future. 6 The first treatment of a collinear atom-diatom reactive a͒ Author to whom correspondence should be addressed. Tel: 82-2-880-6639; Fax: 82-2-889-1568; electronic mail: sshin@plaza.snu.ac.kr system, carried out on two coupled diabatic surfaces, was done by Top and Baer. 25, 26 27 An exact quantum mechanical calculation was compared with a quasiclassical trajectory surface-hopping calculation. It was concluded that the classical model for the system is inadequate for the description of large quantum effects. Baer and coworkers studied collinear reactive systems of (H 2 ϩH) ϩ and (ArϩH 2 ) ϩ within the adiabatic framework. 28, 29 The two lowest adiabatic surfaces, together with the corresponding nonadiabatic coupling terms, were exposed to the adiabaticdiabatic transformation. In the scattering calculations the adiabatic path in the diabatic representation was used to overcome numerical instabilities. In the collinear study of the (FϩH 2 ) system, Zimmerman et al. considered the two spin states of the F atom ( 2 P 3/2 and 2 P 1/2 ) as the source for the two potential energy surfaces. 30, 31 The interaction between the two surfaces is assumed to originate from the spin-orbit coupling. The addition of second surface was found to have a significant effect on the transition probabilities at the threshold region. In particular, the threshold energy was shifted towards higher energies. For more realistic electronically nonadiabatic reactions with higher dimensionality, only a handful of quantum mechanical scattering studies have been attempted recently. [32] [33] [34] [35] [36] [37] [38] Previous studies of electronically nonadiabatic reactions usually concern with the cases where electronic transitions take place during scattering processes in the region of very close approach of two potential energy surfaces. Adiabatic approximation is assumed to be valid when the energy gap between the two electronic states is very large. In some cases, however, the existence of an excited state is found to exhibit subtle but significant effects on the reactive processes on the ground state even when the energy gap between the two states is relatively large. In the study of diabatic approach to the dynamics of adiabatic reactions by Shin and Light, the threshold energies from the two-surface calculations were shifted towards higher values compared with the single-surface adiabatic case.
14 Recently, Wang proposed a rigorous adiabatic kinetic operator for general adiabatic bimolecular reactions, which was obtained from the full diabatic potentials for the two electronic states. The revised kinetic operator for reactive scattering on a single adiabatic PES is found to be different from the commonly adopted form especially in the coupling region. Quantum reactive scattering calculations for a collinear bimolecular model reaction showed that the inaccuracy introduced by the use of the commonly adopted kinetic energy operator can be quite significant. In the present study, we will examine the reaction probabilities for a collinear reaction, with its PESs being defined by introducing model diabatic potentials for the two electronic states. The model potentials are chosen to give relatively large energy gap between the adiabatic surfaces in the barrier region. The main focus of the present study is to demonstrate to what extent the reaction dynamics on the ground state can be affected by the presence of the excited state in the proposed reaction models.
The paper is organized as follows: Sec. II presents the model diabatic potentials for a collinear AϩBC→ABϩC reaction. Diabatic formalism for quantum reactive scattering is described in Sec. III. In Sec. IV, we compare the results from the two-surface diabatic calculations with those from the single adiabatic surface case. Our conclusions together with some discussion are given in Sec. V.
II. REACTION MODEL
We consider a collinear AϩBC→ABϩC reaction and assume that only two electronic potential surfaces are involved in the reaction dynamics. We introduce diabatic potentials, one of which is ''reactantlike,'' and the other ''productlike.'' The reactant diabatic potential consists of a bound Morse potential for the BC pair and an unbound ͑repulsive͒ Morse potential for the AC pair. The product diabatic potential is similarly defined. The explicit forms for potential energy surfaces are as follows:
Here r and R are the distances between B and C and the distance of A from the center of mass of BC, respectively. The Morse parameters are chosen to be those for a HϩH 2 system; Dϭ4.9 eV, ␤ϭ1.877 eV, and r e ϭ0.7417 Å.
The diabatic coupling potential takes a Gaussian form both in r and R,
where the location of the saddle point is given by r C ϭ1.5707r e and R C ϭ1.5r C . The amplitude of the coupling potential, A, and the range of the coupling, ␥, are varied to obtain different potential energy surface models. The adiabatic potential surfaces for the lower ͑ground͒ and the upper ͑excited͒ states are calculated from the diabatic potentials as
The reactant and product diabatic potential surfaces are shown in Fig. 1 . In the present study, we considered narrow (␥ϭ3.0 Å Ϫ2 ) and wide (␥ϭ1.0 Å Ϫ2 ) coupling cases. The amplitude of the diabatic coupling potential is varied between 1.0 eV and 2.0 eV. The ground state adiabatic PESs for two of the cases considered are shown in Figs. 2 and 3 . With a larger coupling potential, the lower adiabatic state exhibits a potential well around the saddle-point region ͓Fig. 3͑b͔͒. It is noted that the energy gap between the ground and the excited states increases with the amplitude of the coupling potential. The potential energy curves along the reaction path for some of the model reactions are plotted in Fig.  4 .
III. DIABATIC FORMALISM FOR REACTIVE SCATTERING
The detailed description of the diabatic approach to quantum reactive scattering is given in a previous work. 14 The relation between the adiabatic and diabatic representations is well known. For the two electronic states case, the adiabatic-diabatic transformation is completely determined by the mixing angle or ADT ͑adiabatic-diabatic transformation͒ angle, . 17 The diabatic potential can be written as
In the present collinear reaction, is a function of coordinates ͑r,R͒. Let S(r,R)ϭ0 be a dividing surface between reactants and products, h(r,R) be a switching function going smoothly from 0 for reactants to 1 for products, and being 0.5 on the dividing surface. Then we can let the relation sin 2 (r,R)ϭh(r,R) define the linear combination of diabatic reactant and product electronic states which produce corresponding adiabatic surfaces. In terms of potential energy surfaces, one can write
͑7͒
The values of the switching function along the reaction path for the model reactions considered above are plotted in Fig.  5 .
Assuming we have two-diabatic surfaces, one of which goes to the proper asymptotic PES for reactants, and the other for products, we can then use the coordinates for each surface that will be appropriate for the corresponding asymptotic channel. Since the two electronic states are orthogonal to each other, we can expand the total wave function in terms of orthonormal nuclear wave functions on each surface times the appropriate electronic wave functions. For an expansion of the total wave function, there is no overlap integral between two electronic states even though they span overlapping ranges of the nuclear coordinates. Therefore, we can use separate coordinate systems and basis representations ͑e.g., DVR's͒ for the nuclear wave functions on the two electronic states. The Hamiltonian matrix after formal integration over the electronic coordinates will look like
͑8͒
The Hamiltonians for the reactant and product surfaces can each be expressed in the appropriate coordinates, evaluated very simply in DVR's appropriate to each arrangement, and diagonalized by standard techniques. [41] [42] [43] Note that both the matrices H R and H P will be real and sparse in the DVR, and the overlap matrices will be unity for the separate orthogonal bases and zero for the reactant-product overlap. After diagonalizing H R and H P separately, the diabatic coupling terms due to V C can be represented in the truncated basis of eigenvectors for reactants and products, and the resulting coupled total Hamiltonian matrix can be diagonalized. This procedure gives a set of square-integrable (L 2 ) basis functions which will then be used in various quantum reactive scattering formalisms. Although the evaluation of the matrix elements of the coupling potential V C will require an integral between different coordinates for the two arrangements, it must be done once, not at every scattering energy. It is also noted that the coupling potential is usually localized in the interaction region.
For the collinear AϩBC→ABϩC reaction, we have two sets of mass-weighted Jacobi coordinates appropriate to the reactant, (r ␣ , R ␣ ), and the product, (r ␥ , R ␥ ), surfaces. We introduce direct product ͑Chebychev͒ DVR bases for these coordinates. The Hamiltonian matrices for the reactant and the product diabatic surfaces are diagonalized separately by standard methods to give a set of eigenvectors for each surface. The detailed procedures for the calculation of the L 2 basis are described in the previous work.
14 The S-matrix is calculated using the Kohn variational method. 44 
IV. RESULTS
We have calculated the reactive transition probabilities P(v→vЈ) for the collinear reaction with the potential model described in the previous section. The masses of the three particles are chosen for the HϩH 2 →H 2 ϩH reaction. We compare the results from the two-surface diabatic approach with those from scattering calculations using the lower adiabatic surface alone. The single adiabatic surface calculation was done using hyperspherical coordinates and the Kohn variational method. 45 Figure 6 shows P(0→0) for the two approaches in the case of Aϭ1.0 eV. For both the wide (␥ϭ1.0 Å Ϫ2 ) and narrow (␥ϭ3.0 Å Ϫ2 ) coupling potentials, the overall shape of the transition probability from the two-surface diabatic calculations is similar to that from the single-surface adiabatic case. However, the transition probability at lower energies around the threshold region is shifted toward higher energy for the diabatic approach. At higher energies, the diabatic calculations also show smaller reaction probabilities than the adiabatic case. At certain energies, the results from the diabatic approach exhibit signatures of resonances, while these are not apparent in the adiabatic calculations.
In Fig. 7 , we plotted the results of the calculations for a coupling strength of Aϭ1.5 eV. At energies beyond the threshold region, the transition probability from the twosurface diabatic calculations is smaller than the adiabatic case, which can be interpreted as similar to the energy shift discussed above. The detailed shape of the reaction probabilities from the two approaches shows some differences. Results from the strong coupling (Aϭ2.0 eV) case showed extensive resonance features ͑Fig. 8͒. As shown in Fig. 3͑b͒ , there exists a potential well around the saddle point on the lower adiabatic surface with narrow coupling (␥ ϭ3.0 Å Ϫ2 ). The reaction probabilities from the two-surface diabatic calculations seemed to exhibit more complex behavior especially for this case. At energies of 1.5-2.5 eV, the diabatic approach showed higher transition probabilities than the single-surface adiabatic results.
The model reactions considered above have the energy gap between the two adiabatic surfaces in the range of 2.0-4.0 eV. Such reactions are usually assumed to be adiabatic and the scattering calculations are performed on the singleadiabatic surface alone. The results of the present study showed that the presence of the excited state can influence the reaction dynamics on the ground state significantly in these examples. For comparison, we performed similar calculations on the model reactions proposed in the previous study.
14 The model reaction is based on the collinear HϩH 2 reaction with the LSTH potential as the ground state PES. We assume that the following relation defines the excited adiabatic surface, W L (R,r)ϩW U (R,r)ϭ2E D . The diabatic surfaces are constructed by introducing an appropriate switching function ͑see Ref. 14 for details͒. It is noted that the energy gap at the saddle point for the adiabatic surfaces is given by ⌬Eϭ2(E D ϪE 0 ), where E 0 is the barrier height of the LSTH potential. We considered two cases with ⌬E ϭ3.0 eV and 0.25 eV. Figure 9͑a͒ shows the reaction probability P(0→0) for the case of large energy gap. The results from the two-surface calculations are very similar to those of the single adiabatic case, with the exception of slight shift in energy for the threshold region. When the energy gap is small, the transition probabilities from the two-surface calculations showed quite complex behavior with many resonance features as expected from the typical nonadiabatic reaction ͓Fig. 9͑b͔͒.
V. CONCLUDING REMARKS
We proposed a diabatic potential model for reactions involving two electronic states. By varying the strength and range of the diabatic coupling potential, we obtained a wide spectrum of reaction models with different shapes and energy gaps for the adiabatic PESs. We calculated reaction probabilities by adopting diabatic formalism for variational calculations of quantum reactive scattering. In order to examine the effect of the excited state, the results from the two-surface diabatic approach were compared with the calculations on the single adiabatic PES. It was found that the transition probabilities from the diabatic approach showed noticeable differences from the adiabatic calculations. This difference can be understood by examining the relationship between the adiabatic and diabatic representations of the description of nuclear motions on multiple electronic states. In the previous work, 14 detailed analysis on the adiabaticdiabatic transformation and nonadiabatic corrections has been presented for the diabatic approach to the dynamics of chemical reactions. We will focus on some of the points relevant for the present study.
The Schrödinger equation ͑SE͒ for the diabatic representation can be written as
where V is the diabatic potential matrix. is the diabatic nuclear wave function, ϭ( 1 (Q), 2 (Q)) t , for the two electronic states with Q representing collective nuclear coordinates.
The adiabatic-diabatic transformations for the nuclear wave functions and the potential matrices are defined as
A, ͑11͒
where the transformation matrix A is determined by the mixing angle in the present two-state approximation ͓see Eqs. By using the above relations, the SE in the diabatic representation can be transformed into the corresponding adiabatic representation,
Thus the diabatic representation of Eq. ͑9͒ leads to a ''coupled'' adiabatic representation. In the usual analysis, one starts with an adiabatic representation with nonadiabatic coupling terms. Diabatic representation is obtained by the transformation of the adiabatic representation in such a way that the nonadiabatic correction terms can be removed. Here we assumed the diabatic representation of Eq. ͑9͒ as the correct description of the nuclear dynamics on the two electronic surfaces. It is clear that the usual single-surface adiabatic approximation with the equation of ͕Ϫ(ប 2 /2)ٌ 2 ϪE͖ 1 ϩW 11 1 ϭ0 should give different results from the two-surface calculations based on this diabatic approach.
The second term of the right-hand side of Eq. ͑13͒ can be cast into a form which yields a diagonal nonadiabatic correction term. This diagonal correction term can be considered as an effective potential, which is responsible for the energy shift observed in the transition probabilities from the diabatic calculations as discussed in the previous section.
These results suggest that the presence of the excited state leads to the increase of the effective barrier height of a reaction. 14, 46 The right-hand side of Eq. ͑13͒ contains other off-diagonal terms which become more important at higher reaction energies. It is difficult to describe the effects of these nonadiabatic correction terms in simple qualitative terms.
The nonadiabatic correction terms for the two-state problem involve the derivatives of the mixing angle, ٌ(Q), with respect to the nuclear coordinates. The derivatives of the mixing angle are related with the spatial variation of the diabatic potentials, especially the coupling potential, in the present reaction model. Strong diabatic coupling can result in large nonadiabatic corrections, while the energy gap between the adiabatic PESs increases with the magnitude of the coupling potential. These results demonstrate that the effect of the excited state cannot be ignored even though the two electronic states are well-separated in energy. Recently, Wang showed that the adiabatic full quantum treatment of chemical reaction dynamics requires complete information of the PESs ͑i.e., including the effect of the excited states͒ in order to provide and predict exact dynamical information. 39, 40 He proposed a rigorous ͑modified͒ kinetic energy operator to be used in the single adiabatic treatment of reactions. The determination of the rigorous kinetic energy operator requires full knowledge of the diabatic potentials. Therefore, his findings are consistent with the conclusions made in the present study.
We compared the model reactions proposed in the present study with the two-surface collinear reaction model based on the LSTH potential of HϩH 2 reaction. In the latter case, the excited state has minimal effect on the reaction probabilities when the excited PES is well-separated from the ground state. Typical nonadiabatic effects such as resonance features become apparent only when the two-state PESs are close to a curve-crossing problem with very small energy gap. On the contrary, the former case revealed that the reaction dynamics on the ground adiabatic surface can be affected by the excited state even with relatively large energy gap. It will be interesting to examine what types of reactions can show such unexpected nonadiabatic effects.
For real chemical reactions, determination of unique and exact diabatic representation is a very difficult problem both in principle and in practical evaluations. Baer and coworkers have proposed a scheme to define the adiabatic-diabatic transformation angle and corresponding diabatic representation when the so-called derivative couplings are known in the adiabatic representation. 16, 17 An approximate singlesurface Born-Oppenheimer equation including the possible effects due to electronic nonadiabatic processes has also been derived. 47, 48 The general applicability of such approaches has attracted many critical discussions over the years. [49] [50] [51] Recently, new and efficient algorithms and computational tools for the evaluation of nonadiabatic correction terms such as derivative couplings of electronic wave functions have been applied to real chemical reactions involving multiple electronic states. 6, 7 Quantum scattering studies on such reactions will help to clarify some of the issues concerning nonadiabatic chemistry. The present study has showed that diabatic formalism can provide a reasonable and efficient description of reaction dynamics on multiple electronic surfaces. As in the scattering studies on a single adiabatic surface, timedependent methods possess some attractive features for large-scale numerical calculations, which will be the subject of future studies.
